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Abstract 
Chapter I
A STUDY OF THE ALKYLATION CHEMISTRY OF
N-SULFINYLAMINES.
N-sulfinyl-n-butylamine 26 and N-suIfinyl-n-pentylamine 34 were prepared 
according to the literature. Alkylation reactions using LDA as the base were performed 
on compounds 26 and 34 using benzylic and simple alkyl halides as the alkylating agent. 
No useful products were obtained using simple alkyl halides, but compounds 32,33,35, 
and 36 were isolated when benzyl bromide was used. These are the result of sulfur anion 
attack on the alkyl halide.
Compounds 32,33.35, and 36 were subjected separately to cycloaddition reactions 
with 2,3-dimethylbutadiene. Compound 37 was the product isolated (>93%) from each 
cycloaddition reaction regardless of the dienophile used.
Aldol reactions with compounds 26 and 34 under a variety o f conditions using 
aldehydes and ketones were unsuccessful.
IV
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Abstract 
Chapter II
ATTEMPTED PREPARATION OF THE CAMPHOR IMINE OF
STEREOSPECIFICALLY DEUTERATED GLYCINE.
Chiral mono-deuterated glycine was prepared according to the literature
with 76% ee. Attempts to esterify the chiral glycine without racemizing the chiral center 
were unsuccessful. Racemization occurred when trying to deblock the CBZ-derivarive of 
the amino ester using Pd-C/H2(g) hydrogenation conditions.
The camphor imine of isopropyl glyrinate was deprotonated with LDA and then 
quenched with a variety of deuterating agents. Incomplete deuterium incorporation was 
observed in all cases. A rationale for this result is proposed.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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CHAPTER I
A STUDY OF THE ALKYLATION CHEMISTRY OF 
N-SULFIXYL AMINES.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
INTRODUCTION
The formation of a carbanion adjacent to the nitrogen atom of amines has been 
investigated by many groups during the past two decades. The successful development of 
such a process would give access to highly substituted amines by an alkylation route. . 
The presence of the nitrogen lone pair of electrons prohibits direct electrophilic 
substitution adjacent to nitrogen. Primary and secondary amines are insufficiently acidic 
at the a-proton for direct dcprotonation and are preferentially deprotonated at the 
nitrogen. However, recent studies show that protons which are adjacent to a nitrogen can 
be acidic if the amino group is temporarily altered by the addition of an 
electron-withdrawing group ’’G" on the nitrogen. The ability of "G", (Scheme 1), to 
stabilize anion and lower the activation energy for the removal of the a-proton are the 
keys to this methodology. The functionality ”G" is introduced at the amine stage, must 
be stable to strong bases, and must be removed easily after alkylation.
Scheme 1
Li-BASE
— — ► R - C H - N
b)-G I
R - C H - N
Li—G
G^lection-withdrawins group
It must also provide stabilization in the transition state for deprotonation by 
complexation with the metal of the base, by dipole stabilization, and/or by resonance 
delocalization.
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Many examples of the methods for alkylation a  to nitrogen exist in the literature. 
A selection of the most useful examples will be presented.
Isocvanides
In 1968 Schollkopf and Gerhart reported that alkyl isocyanides 2  can be ionized 
(metalated) in the a-position. 1 (Scheme 2)
Scheme 2
N :C NH, 
► R . - C - E
NH2
R i- C - H R . - C - H R , -  C • Li
The isocyanides can be readily made from the corresponding amines either through the 
N-formyl derivatives2 or directly by the carbylamine reaction.3 The isocyanide group is 
stable towards bases, stabilizes the carbanion formed, and is easily converted back to the 
amine 4 by acid hydrolysis. Deprotonation can be accomplished with bases of varying 
strengths such as butyllithium, potassium rerr-butoxide, sodium methoxide, sodium 
hydride, or triethylamine depending upon the substituents R1 and/or R2. The a-metalated 
isocyanides 3 are not isolated, but used in situ in alkylation reactions. Sec-alkyl 
isocyanides without activating substituents cannot be deprotonated. A major limitation of 
this method is the difficulty encountered in metalating alkyl isocyanides whose parent 
hydrocarbons are less acidic than methane.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Amides
The use of amides as the activating function for alkylation a  to nitrogen allows the 
formation of dipole-stabilized carbanions 7 which can undergo electrophilic substitution 
as shown in Scheme (3).4
Scheme 3
H CH2R








II I 3 R4CH2Br
(R1)3CC — N — CHR M----------
c h 2r 2
O  Li
II I 3




1 + I 3
(R1)3CC =  N — CHR
I 2
c h 2r
The carbonyl group must be easily added to and removed from the amine while being 
sterically hindered enough to resist nucleophilic addition of the alkyllithium base 
required to form the metalated species 7. Strong acid hydrolysis affords the original 
amine alkylated a  to nitrogen 9. The conditions for cleavage are severe, but useful in the 
appropiate circumstances.
Substituted benzyl amines can be synthesized using this methodology. The dianion 
of N-benzyl benzamide 11, which can be generated from the amide 10, reacts with alkyl
3
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halides and aldehydes to produce 13 in 70-95 % yields5 (Scheme 4).
Scheme 4






N itrosa  m ines
Conversion of an amine to a nitrosamine is another method developed by Seebach6 
whereby the amino group is temporarily altered by attaching a resonance stabilizing 
group, allowing alkylation cc-to nitrogen. The positions adjacent to the nitrogen of the 
nitrosamine can be metalated with LDA or other alkyllithium bases at low temperatures 
to form the intermediate 16, which reacts with electrophiles yielding 17 (Scheme 5), 
after denitrosation.
Scheme 5
N - H N -  NO — HN - NO
CH CH
4
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Nitrosation of the amino group can be accomplished easily with nitrous acid7 or 
gaseous N20 3 or N2O48, whereas denitrosation can be achieved with HCl(g) in benzene, 
HBr/HOAc, or by reduction with Raney nickel or LiAlH4 first to the hydrazine followed 
by Raney nickel reduction. The latter procedure is a "one-pot" method which limits 
exposure to the highly carcinogenic nitrosoamines.
Formamidines
Meyers et aP, have shown that formamidines are excellent precursors for a-amino 
carbanions. An important feature of the formamidine group is that it is sufficiently 
activating to allow metalation at secondary centers. The formamidines are easily 
synthesized by simple exchange of secondary amines with dimethylamino-rm-butyl 




The formamidine can be deprotonated (metalated) with butyl- or rerr-butyllithium
to afford the carbanion, (a-metalated) 20. The most useful asset of formamidines is the 
ease with which the activating group can be cleaved. Methods include the addition of a
5
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hydrazine solution (25~50°C) and stirring 12-18 hours, refluxing with KOH/MeOH or 
HCl/MeOH or treating with ethereal LiAlH4.
Lithium Carbamates
Katritzky et a /10, have shown that conversion of secondary amines to their lithium 
carbamates allows a-metalation of the amino group since this method activates the 
adjacent CH toward proton loss. The desired lithium carbamates are easily synthesized 





Deprotonation o f 23 was accomplished using rm-butyl lithium- potassium rm-butoxide
(equimolar mixture) as the base. Treatment of 24 with alkyl halides and subsequent 
hydrolysis with 2M HCl afforded 25 in moderate yields.11
A review of the literature revealed other methods which incorporate the
6
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methodology used (Scheme i )  to alkylate amines adjacent to nitrogen. Some examples 
involve the use of ureas,12 thioamides,13 phosphoramides, 14 imines, 15 isothiocyanates,16 
nitrones, 17 and N-sulfinylamines18 as the activating group. The investigation and 
extension of the latter is the subject of the work to be described in this chapter.
N-Sulfinvlamines
The literature provides information about N-sulfinylamines which is mainly 
focused on nucleophilic attack at sulfur19 and their use in cycloaddition reactions.20 
Schell et alli discovered that the N-sulfinylamine group provides strong 
electron-withdrawing properties which allows the generation of stabilized carbanions 
adjacent to nitrogen. (Figure 1)
Figure 1 
©
^ N = S = 0
N=S=0: N-Sulfinylamine
Aliphatic N-sulfinylamines are easily prepared by reacting the desired primary 
amine with thionyl chloride.21 In order to prevent nucleophilic attack of the base at sulfur 
during the deprotonation step, bulky bases such as triphenylmethide and potassium 
t-butoxide were employed. The authors reported that alkylation of the N-sulfinylamine 
was successful only when allyl halides were used as the alkylating agent. Unsymmetrical 
ally lie halides gave completely rearranged products. Addition of iodomethane or other 
simple alkylating agents yielded only n-butylamine and/or intractable mixtures on 
aqueous workup. The authors interpreted these results by suggesting that it is not likely 
that exclusive SN2 reaction occurs with the allyl halide. Instead, alkylation may occur on
7
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sulfur providing intermediate 28 which undergoes a 3,3-sigmatropic shift providing the 
alkylated N-sulfinylamine 29.18 (Scheme 8)
Scheme 8
~ 0N :S  : 0N :S  = 0
SO
NH-
The most attractive feature of the use of N-sulfinyl amines is the ease with which
the activating group is cleaved. Simple aqueous workup hydrolyzes the N-sulfinyl group 
to the corresponding amine and sulfur dioxide. 19
Our interest was focused on attempts to enhance the usefulness of 
N-sulfinylamines as an activating group in order to alkylate amines adjacent to nitrogen. 
We hoped that the use of more modem methods of alkylation geared towards the use of 
LDA, possibly in the presence of HMPA, as the deprotonating agent might lead to a 
more localized carbanion, which might allow alkylation with simple alkyl halides such 
as iodomethane. It has been shown that HMPA facilitates the alkylation process, most 
probably as a result of its ability to influence the aggregation state of the anion.22 Also, 
the possibility of "Aldol type" reactions may arise if aldehydes or ketones are used as 
electrophiles.
8
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RESULTS AND DISCUSSION
Alkvlations of N-Sulfinvlamines
As has been pointed out in the introduction, alkylation of N-sulfinylamines a-to 
nitrogen could only be achieved when the electrophile was an allylic halide. Before 
proceeding, it was important to verify this point. Therefore the reactions were repeated 
using LDA as the base in the presence of 1 equivalent of HMPA.
Alkylation of N-sulfinyl-n-butylamine21 was initiated by deprotonation with 1.2 
equivalents of LDA in THF containing the additive HMPA,(1 equiv.). Addition of 1 
equivalent of allyl bromide gave rise to a 66% yield of the alkylated product 31, isolated 





N = S  = 0 NH
(66%)
It must be noted that there was no significant improvement in yield relative to the 
previously reported method which did not employ HMPA. However the possibility 
existed that our conditions (LDA/HMPA) might bring about the desired alkyl at ions with 
simple alkylating agents.
9
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Once the above result was established, we set out to examine 
N-sulfinyl-n-butylamine alkylations using simple alkylating agents and "Aldol type" 
reactions by using aldehydes or ketones as the electrophile.
" Aldol Type" Reactions
Aldol condensations with the carbanion (a-metalated) of N-sulfinyl-n-butylamine 
under a variety of conditions could not be achieved, (Table J.). That is, the addition of 1 
equivalent of aldehyde or ketone to the deprotonated (LDA/HMPA/-78°C) 
N-sulfinyl-n-butylamine and subsequent "quench" with H20  or acetyl chloride or 
trimethylsilyl chloride, to trap the presumed alkoxide, gave only intractable mixtures. All 
attempts to separate the mixtures with silica gel chromatography proved to be 
ineffective.
10










—  S i -  ClLDA/HMPA/-78=C
N = S  = 0 >. (Intractable Mixtures)
11
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Alkvlations
Initial attempts at alkylation of N-sulfinylamines using iodomethane as the 
alkylating agent were unsuccessful. Addition of 1 equivalent of iodomethane to 
deprotonated N-sulfinyl-n-butylamine and subsequent benzoylation of the reaction 
mixture gave rise to only N-butyl benzamide and N,N-diisopropyl benzamide after silica 









Alkylation with iodomethane was repeated with the omission of steps (4) and (5) 
(Scheme _10) to prevent benzoylation with any other amines present. This would allow 
direct isolation of 1-methyl-butylamine, (Figure 2), if formed.
12
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Figure 2
However only unidentifiable mixtures were isolated after silica gel chromatography 
(Scheme JL1). These results are consistant with those reported previously.18
Scheme 11
l)Base




Base= LDA or P l^C L i*
While it is possible for products o f alkylation with benzylic halides to undergo 
[3,3] rearrangements, the process should not be as facile as for allylic ones. Alkylation 
with benzylic halides offered the possibility of trapping the postulated initial allylation 
product and examining its chemistry. The use of benzyl bromide as the alkylating agent 
yielded two distinctly different compounds, 32 and 33, depending on the conditions used. 
Both compounds were identified using the usual spectral data. The proton decoupled lH 
NMR of compound 32 along with integration and chemical shift data suggest the 
presence of a butyl group. The triplet at 7.7 ppm represents an imino proton shifted 
downfield which is adjacent to a methylene of a butyl group. The AB quartet centered at
4.1 ppm integrated to 2 protons implies diastereotopic protons adjacent to a phenyl 
group. The I3C NMR for compound 32 contains 9 peaks; 4 aliphatic, 1 imino, and 4 
aromatic. The IR has absorptions which represent a sulfoxide and an imine.
The proton decoupled lH NMR of compound 33 along with integration and
13
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chemical shift data, suggest the presence of both an ethyl and butyl group. The triplet at
6.1 ppm implies an olefinic proton adjacent to a methylene. The singlet at 7.8 ppm 
implies the presence of an imino proton shifted downfield. The l3C NMR for compound 
33 contains 13 peaks; 6 aliphatic, 2  olefinic, 1 imino and 4 aromatic. The IR has 
absorptions which represent a sulfoxide, an olefin and an imine. (Figure 3)
Figure 3
Compound 32 Compound 33
Compound 32 was formed in 20% yield when benzyl bromide was added to the 
deprotonated (LDA/HMPA/-783C) or (Ph3C'Li+/HMPA/-78°C) N-sulfinyl-n-butylamine 
at -78°C and then quenched with saturated aqueous NH4Cl at -78°C. Approximately the 
same yield of compound 32 was produced regardless of the time allowed between the 
addition of benzyl bromide and quenching. Also, the addition trimethylsilyl chloride or 
t-butyldimethylsilyl chloride instead saturated aqueous NH4C1 at -783C yielded 
compound 32 in comparable yields, (Table 2). The reason for the addition of the latter 
compounds as quenching agents will become apparent in the following paragraphs. The 
addition of 4-fluoro-benzyl bromide to the deprotonated N-sulfinyl-n- butylamine at 
-78°C and then allowing the mixture to warm to room temperature before quenching with 
saturated aqueous NH4C1, produced compound 33a in 76% yield.
14
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Figure 3a 
N.MR's of 32 and 33
t.J
nX ■ j
t i l  i t i  t n  ij i
i.i J.l
15




N ' S ' 0  3)Benzylbromide 
4)Quenching 
THF,-78°C
Base % yield of 32Time Quenching agent
LDA 2  min. 20%
LDA 1 Hr. 21%
5 min. 19%
1 Hr. 21%
5 min. —  S i -  Cl
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Scheme 12 assumes deprotonation a-to nitrogen forming the resonance-stabilized 
metalated carbanion (a <-> a*)* which undergoes a SN2 displacement with benzyl 
bromide giving compound 32. Schell et al, postulate intermediates similiar to 32 leading 
to the formation of their allyl alkylated N-sulfinylamines.18
Compound 33 was formed in 75% yield [% yields calculated assuming 2 
equivalents of initial N-sulfinylamine are required for its formation] after benzyl 
bromide was added to the deprotonated N-sulfinyl-n-butylamine at -78‘C, and the 
mixture was allowed to warm to room temperature. The reaction was stirred for 3 hours 
at room temperature before quenching with saturated NH4Cl(aq) (Scheme 13).
17
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Scheme 13
l)Base J U O
S = 0  2)HMPA---------► x
3) benzyl bromide II
2 °  (-783C) — 33
4)Sat./NH4Cl
(25*0) . ??*e.= LDA or Ph3C"Li+
The two obvious questions which arise from the isolation of compound 33 are; 
from where does the second butyl group in 33 originate and secondly how does the 
second butyl group become involved in the product? These questions are addressed by 
the following experiments.
The second butyl group in 33 can originate from one of two sources; from a second 
molecule of the original N-sulfinyl-n-butyl amine, or (though unlikely) from the 
presence of the butyllithium used to form the base. The latter possibility was easily 
excluded by conducting the same set of experiments under similiar conditions with 
N-sulfmyl-n-pentylamine as the starting material. The addition of 1 equivalent of benzyl 
bromide to deprotonated N-sulfinyl-n- pentylamine at -78°C followed by stirring for 3 
hours at room temperature before quenching yielded compound 35 in 72% yield (Scheme 
14).
Scheme 14
DBase °  jO
N : S : 0  2)—— ---------► ^
3) benzyl bromide 11
2 4  (-783C) H 35
4)Sat./NH4Cl
(253C) Base= LDA or Ri^CLi*
18
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As is shown in scheme 14, product 35 is formed with the introduction of a second 
pentyl group which can only come from the original N-sulfinyl-n-pentylamine. Therefore 
the additional butyl group incorporated into 33 cannot arise from butyllithium.
Compound 33 originates from the already present N-sulfinyl-n-butylamine. It should be 
noted that addition of benzyl bromide and subsequent quench with saturated NH4C1 at 
-78°C to the deprotonated N-sulfinyl-n-pentylamine resulted in compound 36 in 20% 
yield which is also consistent with the N-sulfinyl-n-butylamine results, (Scheme 15).
Scheme 15
DBase




Base= LDA or PhjC'Li’
A mechanism which accounts for the foregoing results is shown in scheme 16. 
Addition of a lithium base followed by benzyl bromide at -78aC to the 
N-sulfinyl-n-butylamine yields compound 32. Warming of the reaction mixture to room 
temperature must involve deprotonation of compound 32, giving (a“ ) which can react 
with itself (protonated form, 32) leading to product 33 as shown in scheme 16. We have 
been unable to identify the sulfinamide in the product mixture.
It should be noted that compounds 32,33,35, and 36 seem to decompose when 
exposed to elevated temperatures or on standing for long periods of time (ca. 2  weeks). 
This decomposition may be due to partial hydrolysis of the imine bond in the 
compounds. This fact was evident in the analytical data received from Galibraith
19
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laboratories. They stated in a letter that they could not obtain accurate duplicate analyses 
since our samples seemed to decompose rapidly after initial opening of the vials. These 
facts lead one to question the accuracy of the analyses received. However, the 
combination of spectral data obtained (proton decoupled lH NMR and I3C NMR, 
infrared spectra, and mass spectra), ensures the structures formulated for compounds 32,
33. 35. and 36 are secure.
Figure 4 
NMR's for 35 and 36
i
I
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Scheme 16
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Cvcloaddition Reactions
As was mentioned in the introduction, N-sulfinylamines have been used 
extensively in cycloaddition reactions.20 Imines possessing electron-withdrawing groups 
are also known to be excellent dienophiles. This prompted us to investigate similiar 
reactions using compounds 32,33,35, and 36 as dienophiles.
Initial reaction conditions involved refluxing compound 32 or 33 and 1.2 
equivalents of 2,3-dimethylbutadiene in toluene for 24 hours. The same unexpected 









Similarly the use of compound 35  or 36 in the same cycloaddition reaction gave the 
product 37 in 93% yield. (Scheme 18)
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Compound 37 had been previously prepared by reacting (Z)-thioaldehyde S-oxide 





In that report the diastereomeric S-oxides 37 and 39 were obtained in the ratio 
3.3:1. The NMR signal of the 2-proton in the sulfoxides 37 and 39 is shifted 
downfield (6 4.12) when the hydrogen is syn to the oxygen and upfield (5 3.73) when 
anti, with respect to the signal of the corresponding sulphide 40, (8 3.98)24 (Figure 5).
23
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This was consistant with the literature precedents for protons |3-to the S-0 group in 
cyclic sulfoxides.25
The systems shown in Schemes 17 and 18 yield only the isomer 37, where the 
hydrogen and oxygen are syn to each other. This suggests that either both isomers are 
formed, but the product isomerizes completely to the thermodynamically more stable 
isomer, or that only one stereoisomer of the dienophile is present which reacts 
stereospecifically in the cycloaddition reaction. The proton decoupled lH NMR of 
compound 37 along with integration and chemical shift data suggests the presence of a 
phenyl group at 7.3 ppm. The 2 singlets at 1.7 ppm integrated to 6 protons represent the 2 
olefinic methyl groups. The doublet of doublets at 4.1 ppm represents the proton adjacent 
to sulfur which is syn to the sulfoxide.24 The remaining multiplets integrating to 4 
protons represent the 2 methylenes present in the product. The 13C NMR for compound 
37 contains 11 carbons; 5 aliphatic, 2 olefmic, and 4 aromatic. The IR has absorptions 
which represent a sulphoxide, olefin, and an aromatic.
A mechanism which accounts for this result is postulated below  (Scheme 20).
24







In order to obtain more information on the structural requirements for this novel 
reaction, we prepared more modified analogs and examined their reaction with
2,3-dimethylbutadiene in refluxing toluene.
The first compound prepared was compound 41 which was synthesized in 90% 
yield by reacting N-sufinyl-n-butylamine with 1 equivalent of benzylmagnesium 
chloride in Et20  at -78°C, followed by quenching with H20  (Scheme 21).
Scheme 21
Compound 41 failed to react when subjected to the standard cycloaddition conditions. 
After 48 hours at reflux, only starting material was recovered. Addition of a catalytic 
amount BF3.Et20  to the reaction mixture led to decomposition of the starting material.
25
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Next, compound 42 was prepared in 80% yield by alkylating 41 using 
[(CH3)3Si]2N'K+ as the base and iodomethane as the alkylating agent at 0°C. When 
compound 42 was subjected to the usual cycloaddition conditions. No cycloaddition 
products formed. Decomposition of 42 also occurred upon addition of BF3.Et20  catalyst. 
(Figure 6)
These results imply that the presence of the imine functionality in compounds 32,
33,35, and 36 is a necessary requirement for the formation of 32.
Attempts to use compounds 33 and 35 as the diene in cycloaddition reactions with 
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Conclusions
As was noted in the discussion, alkylation of N-sulfinylamines a-to nitrogen was 
not possible with simple alkylating agents. However, the use of benzylic halides 
furnishes products which are the result of nucleophilic N-sulfinylamine attack on the 
electrophile. The product formed is dependent on the temperature at which the alkylation 
reaction is quenched with saturated NH4CI. Quenching at -78aC affords compound 32 in 
approximately 20% yield, while quenching after stirring for 3 hours at room temperature 
affords 33 in approximately 75% yield. Similiar products, 35 and 36, were also prepared 
with comparable yields.
Products 32,33,35, and 36, subjected to cycloaddition reactions with
2,3-dimethyIbutadiene resulted in the cycloadduct 37 regardless of the dienophile used. 
The exact reason for this phenomenon is not clear, but a feasable explanation was 
suggested.
Future work in this area could involve the manipulation of alkylation conditions 
which could increase the % yields for products 32 and 36 (Perhaps the use of more than 
one equivalent of HMPA). Also, the use of a variety of benzylic type alkylating agents in 
such alkylation reactions and subsequent reaction of the products with a variety of 
enophiles, may bring about a simple route toward the formation of many synthetically 
useful compounds.
27
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CHAPTER II
ATTEMPTED PREPARATION OF TH E CAMPHOR IMINE 
OF STEREOSPECIFICALLY DEUTERATED GLYCINE.
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Introduction
Alkylation of chiral enolates is an important area of asymmetric synthesis. The 
principle involved is that the presence of a chiral center in the reacting complex allows 
two, diastereomeric transition states for alkylation at a prochiral center. These transition 
states will be unequal in energy and the formation of a preponderance of one of the two 
possible diastereomeric products will be favoured. The transition state energy difference 
should be as large as possible to maximize the stereochemical selectivity. This 
selectivity is given by the relationship;
% Diastereomeric Excess (de)= major diast. - minor diast.
major diast. + minor diast.
The existing chiral influence can be present in the enolate, the alkylating agent or 
in some other reagent (solvent, catalyst, etc.). The most common methodology 
incorporates a chiral directing agent into the enolate structure. Removal of the chiral 
moiety from the alkylated products affords a mixture of enantiomeric products whose 
composition depends on the diastereoselectivity of the alkylation process. If the 
stereoselectivity is poor, separation of the diastereomers before removal of the chiral 
directing agent can lead to enantiomerically pure products.
Our lab has focused its attention on the use of camphor as a chiral directing agent 
for the preparation of chiral amino acids via diastereoselective alkylation of the 
corresponding glycinate imine26 (Scheme 22).
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This method of diastereoselective alkylation has proven to be moderately successful.
Aliphatic electrophiles react with the enolate to give 0-60% stereofacial differentiation. 
The diastereoselectivity of the alkylation of the enolate 43 is dependent on the structure 
and electronic nature of the electrophile. The use of allylic or benzylic electrophiles 
produce products containing diastereomeric excesses of 69-98%. Attack of an allylic or 
benzylic halide occurs from the stericallv less hindered re (bottom face opposite the 
C-(S)-methyl) face26 (Scheme 23).
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The experimental question that still must be answered is whether the base (LDA) 
used to deprotonate the camphor glycinates is performing in a stereoselective manner, 
removing one of the diastereotopic protons preferentially.
The approach taken to address this question involved the preparation and 
alkylation of a diastereomerically enriched C-(l 1) deuterium labelled camphor imine of 
a glycinate. At first sight, a more direct approach to the required information would be 
the deprotonation of C -(ll)  di-protio imine followed by quenching with a deuterium 
source. One might anticipate that, if  deprotonation was significantly stereoselective, 
reprotonation (deuteration) should also have this characteristic and therefore the 
stereoselectivity of the deprotonation might be measured by NMR. Since our original 
attempts to perform this experiment26, Seebach has provided evidence that such 
deprotonation-deuteration experiments are mechanistically more complex than 
anticipated. Varying, and frequently large, amounts of reprotonation in the presence of 
deuterating agents have been observed and the conclusions which can be drawn from 
such experiments are subject to question 27 An example of such a phenomenon was 
shown by deprotonating 44 with LDA (Scheme 24).
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Simple deuterolysis and *H NMR analysis of the D-incorporation does not indicate
the degree of enolate 45 formed. Solutions which give 90% yield of products with other 
electrophiles do not lead to more than ca. 25% deuteration under these conditions. The 
explanation given for these results states that the presence of diisopropylamine, formed 
upon deprotonation of 44, is itself a proton source which can transfer a proton back to the 
enolate. Removal of this N-H proton by addition of n-butyllithium prior to deuterolysis 
leads to higher deuterium incorporation, (>95% ).28
However, deprotonation of a chiral mono-deuterated imine followed by alkylation 
must afford a product whose deuterium content would allow firm conclusion regarding 
the stereoselectivity o f the deprotonation step. Two methods for the preparation of such 
deuterated materials are shown in Scheme 25.
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Asymmetric protonation reactions have been studied by many people.29 
Deracemization by enantioselective protonation has been studied by Duhamels’ group 
and enantioselectivities as high as 70% have been achieved.20 It was established that the 
structure of the chiral proton carrier and the nature of the substituents of the prochiral 
substrate determined the stereoselectivity. The base used for the deprotonation of the 
racemic amino acid derivative was also involved in the asymmetric step. One such 
example involved the deprotonation of aldimine methyl esters with LDA, and 
protonating the resulting anion by means of (2R,3R) DPTA ( 0 ,0 ‘-dipivaloyl tartaric 





THF —  N
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Although deprotonation-deuteration of the imine suffers from the disadvantages 
alluded to above, nevertheless the simplicity of the procedure demanded its 
investigation. Alternatively, the preparation of a chirally deuterated glycinate followed 
by its condensation with camphor would provide the requisite starting material.
The asymmetric synthesis of (R) and (S)-[2-2H 1]-glycine has been successfully 
performed a number o f times. The earliest procedures involved syntheses in which one 
or two of the steps were mediated by an enzyme.31 The scope of these reactions will not 
be detailed since this thesis deals only with synthetic methods pertaining to total 
chemical synthesis. Therefore, only some of the most useful, entirely chemical, 
syntheses will be described.
In 1976, Aimarego et al synthesized (R) and (SJ-P^HJ-mono-deuterated glycines 
with optical purities of 80 and 90%32 (Scheme 27).
Scheme 27




AcOH H02C . ? >"H2KMn04 R ° 2 ^ N;
Their sequence started with (+)-(S)-0-benzylserine or (-)-(R)- O-benzylserine and in a
33
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11 step sequence, gave a 15% yield of the deuterated glycine. The optical purity of the 
synthesized (R) and (S)-[2-2Hj]-glycines is high, but the % yield for their procedure is 
unacceptably low.
In 1982, Kakinuma et al, developed an interesting synthesis of chiral deuterated 







OH 0 - | —





O - CHO COOH
* ° £ / o
OH 0 * j - COOH
O—► o
NH-
The sugar was converted to the required glycine derivative in a 9 step sequence, several 
of which required difficult chromatographic separations. Of particular interest was the 
partial deuterium loss during N-deprotection in the final step o f the sequence.
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In 1985, Ohrui et al, developed a synthesis for (S)-[2-2H1]- glycine by reacting 
(lR)-56 [prepared in 5 steps from D-ribose] with sodium azide in 
N.N-dimethylformamide at 100°C leading to compound 52. Treatment of 52 with a 
mixture of acetic acid and 5M H2S 0 4 afforded 58, which was oxidized with potassium 
permanganate at room temperature to give (S)-[2-2H!]-azido acetic acid 59. Compound 
59 was catalytically reduced over 10% Pd-C in acetic acid to give (S)-[2-2HJ-glycine in 
60% yield from 52.
The enantiomeric (R)-[2-2H J-glycine could be synthesized similarily from the 




TsO. OCH H — OH 
H — OH




In 1988, Woodward et al, presented large scale chemical syntheses (40% overall) 
for both isomers of chiral [2-2H1]-glycine in which the key step was the introduction of 
chirality through the use of commercially available (R) or
35
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




Two different aldehydes, furfural or 4-methoxybenzaldehyde were used as the 
starting substrate which extends the utility of the methodology. Each aldehyde served as 
a masked carboxyl group. The deuterated aldehydes are commercially available but very 
expensive ($100/lg), therefore procedures for their preparation are included in the 
article. The deuterated aldehydes were reduced with either (R) or (S)-Alpine borane 
affording the corresponding deuterated arylmethyl alcohols. (S)-Alpine borane gave the 
(R)-alcohols while the (R)-Alpine borane afforded the (S)-alcohols. Both alcohols were 
converted to the corresponding chiral arylmethyl amino derivatives, having the opposite 
configuration at the arylmethylene carbon, which were finally converted to the desired 
products.35 (Scheme 30)
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The versatility of this method which utilizes commercially available substrates,
choice of oxidation procedures, deprotection of the phthaloyl group and overall yield 
(40%), makes it very attractive. However, at the time of its appearance in print, our 
efforts in this area had essentially been concluded.
The method we chose to utilize was initially developed by Williams, and 




Stereospecific bromination of (-)-5(S),6(R)-61. with N*BS in CCI4 furnished the bromide 
62. Reduction of 62 with D2(g) at 40 psi in the presence PdCli catalyst in D20/THF 
directly affords (S)-[2-2H J- glycine in 51-54% yield5' (Scheme31).
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Acylation of 63 with (-)-camphanyl chloride 64 furnished the amide 65 which was
examined by *H NMR. Integration of the resonances at ca. 4 ppm was used to determine 
the optical purity. The isotopic purity of 63 at C-(2) was determined to be at least 
84-90% and the enantiomeric excess (% ee) was established at 77-82% according to the 






Previous work in our lab was centered on the use of the camphor imine of t-butyl 
glycinate. Its use as a chiral template for stereospecific alkylations and aldol-type 
reactions have been studied extensively.26The t-butyl ester of (S)-[2-2H1]-glycine was 
not attainable through regular esterification methods since acid catalyzed esterifications
38
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are known to cause racemization of amino acids. Therefore the isopropyl ester of 
(S)-[2-2HJ-glycine was prepared by reaction of the sodium carboxylate with 
2-iodopropane.38 This glycinate should be useful in trying to answer the question of 
whether the deprotonation of the camphor glycinate with LDA is stereospecific.
Results and Discussion




Its preparation started from a-benzoin oxime, which was stereoselectively 
hydrogenated, with 10% Pd-C catalyst, to furnish the racemic
erythro-a,P-diphenyl-p-hydroxyethylamine 62 in 88% yield. Compound 67 was resolved 
on large scale through selective precipitation of the derived L-glutamic acid 
diastereomeric salt, to furnish the optically active D-amino alcohol 6 8 39 (Scheme 33).
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Sequential N-alkylation with ethyl bromoacetate in the presence of triethylamine 
followed by N-acylation with benzyl chloroformate using a two phase aqueous saturated 
NaHC0 3 /CH2CI2 mixture and cyclization with p-toluenesulfonic acid furnished optically 
active lactone 61 in 35% overall yield. This low yield is mainly the result of a 50% loss 
of amino alcohol 62 during resolution. Stereospeciflc mono-bromination of 61 with 1 
equivalent of N-bromosuccinimide in refluxing CC14, affords a quantitative yield of the 
insoluble succinimide,36 and 62 as a white solid. B re ruination of 61 proceeds through a 
highly stereoselective free-radical reaction providing the anti-bromide. Due to 
decomposition on silica gel, compound 62 was used directly, without purification in the 
subsequent deuteration reaction.
Due to the lack o f the required equipment, a slight modification of Williams’ 
procedure for the deuteration step was required. Williams’ deuteration conditions 
utilized D,(g) at 40 psi, but our conditions utilized D2(g) at 150 psi. This increase in 
pressure was needed in order to introduce into the available reaction vessel the 4
40
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equivalents of D2(g) needed to reduce the chiral synthon 62 to the corresponding 
(S)-[2-2H J  glycine as its hydrohalide salt. Using these conditions the chiral synthon 62 
was reduced over a PdCl2 catalyst, to give a 54% yield of chiral [2-2H 2] glycine as its 






The stereochemical outcome of the reduction is the result of the C-D bond formina





/ / / / / /  pa
The optical purity was determined by acylating 63 to its camphanyl amide 65.
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NH.X
The *H NMR spectrum of the amide 65 was identical to the reported values.37 The 
% ee was obtained by integrating the signals in the region between 4.0 and 4.4 ppm for 
the diastereotopic protons. Each spectrum was recorded twice, and the integrals for each 
spectrum were measured at least twice and averaged. Each individual reduction was 
subjected to this procedure to determine the optical purity of the synthesized (S )-^-2̂ ]  
glycine. The calculated % ee was constantly between 74-76%. (Figure 9)
Once the enantiomeric excess was established, esterification of (S)-[2-2H J  glycine 
was attempted without racemizing the chiral center. Each step of the esterification step 
was monitored for deuterium loss through examination of its corresponding *H NMR and 
mass spectrum. The approach taken involved initial N-acylation of the chiral glycinate 
salt, obtained from the D2(g) reduction, with benzyl chloroformate in aqueous NaOH.40 
This reaction proceeded in 60% yield without any loss of deuterium content. The doublet 
at 4.0 ppm which integrated for 2 protons in the di-protio CBZ-blocked glycine was used 
as a reference. The same region for the CBZ-blocked mono-deuterated glycine gave rise 
to a broad singlet integrating to 1 impling no loss of deuterium. The molecular ion of 210 
shown by its mass spectrum confirms the above, since the di-protio molecular ion is 209. 
The CBZ-blocked mono-deuterated glycine was esterified through initial formation of its 
sodium salt and subsequent reaction with 2-iodopropane in HMPA, affording 
CBZ-blocked [2-2H J  isopropyl glycinate in 8 8 % yield over the two steps. Comparison 
of the lH NMR and mass spectra, for each of the two steps, with their corresponding
42
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mass spectra, for each of the two steps, with their corresponding di-protio compounds 
demonstrated that no loss of deuterium had occurred. (Table 3)
Figure 9
*H NMR’s used to calculate % ee 63
A J jL aA*J.
t . i  1.1 a 4 i . i  i . i  * . s  1.1 i i  i.z : s
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Deprotection of the CBZ-blocked glycinate was accomplished through 
hydrogenation with 1 equivalent of H2(g) at I atm., which furnished 51% of the free 
[2-2Hj] isopropyl glycinate. Comparison of its NMR and mass spectrum with the 
corresponding di-protio species, showed that a significant loss o f deuterium content had 
occurred. The reason for the loss of deuterium content is not clear. It is presumed that 
the loss of deuterium, which occurs during the hydrogenolysis of the benzyl carbamate, 
proceeds via initial insertion of a palladium atom on the catalyst surface into the 
activated (a  to an ester and allylic) C-D bond. The ic-allyl Pd complex can then eliminate 
with the addition of a proton to the organic compound.42
To determine when the loss of deuterium content was occurring, di-deuterated 
[2-2H2] isopropyl glycinate was prepared from [2-2H2] glycine, in the same manner as 
the mono-deuterated isopropyl glycinate. Again, the NMR for each step was 
examined and compared to the di-protio CBZ-blocked glycine. The absence of the 
resonances at 4.0,3.98, and 3.92 ppm which were present in the di-protio analog 
indicated complete conversion to the CBZ-blocked [2-2H2] isopropyl glycinate, without 
any loss o f deuterium content. The lH NMR of the isopropyl glycinate obtained from 
hydrogenation confirmed the loss of deuterium content during hydrogenation. The 
resonance peak at 3.31 ppm appears in the *H NMR, which is evident in the di-protio 
case. (Table 4)
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The use o f t-BOC as a protecting group for glycine was another possibility, but its 
subsequent removal using acidic or basic conditions would also cause racemization of 
the chiral center. At this point in our experiments, it was evident that the initially 
postulated preparation of a chiral mono-deuterated imine was unattainable.
Therefore we focused our efforts towards trying to stereospecifically deuterate the 
C-(l 1) di-protio camphor imine o f isopropyl glycinate through initial deprotonation 
followed by quenching with a sterically bulky deuterating agent. The base used to 
deprotonate the imine was LDA in the presence of 1 equivalent of HMPA. In effect, the 
outcome of these results should help to answer the question of whether deprotonation is 
significantly stereoselective and in turn provide information which could be an extension 
to the results previously outlined by Seebach,27*28
We attempted to deuterate the camphor imine of isopropyl glycinate with a variety 
deuterating agents. The outcome was not entirely unexpected in view o f the Seebach 
work. That is, we could not achieve complete deuteration with our conditions (Table 5).
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Presumably these results indicate that the enolate formed is being quenched by a
surrounding species bearing a proton source. Seebach states that the species which exists 
as the proton source, under the predescribed conditions, is diisopropylamine. He states 
that under quenching conditions the "intra-supermolecular" proton transfer from the 
diisopropylamine to the Li enolate, which are linked together by Li-N complexation and 
hydrogen bonding, competes successfully with the expected intermolecular attack of the 
electrophile.27
48
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Conclusions
The chiral synthon 61 was prepared according to Williams36, in 35% overall yield. 
61 was quantitatively brominated with NBS, then reduced with D2(g) at 150 psi, yielding 
(S)-[2-2H J  glycine 63 (54%) as its hydrohalide salt. Conversion of 63 to P -2!^ ] 
isopropyl glycinate was attemted by first blocking the chiral glycine with benzyl 
chloroformate in aqueous NaOH. Examination of its *H NMR and mass spectra implied 
no loss of deuterium content. Esterification of CBZ-blocked [2-2H J glycine was 
initiated by first forming its sodium salt and subsequently reacting it with 2-iodopropane 
in HMPA, affording CBZ-blocked [2-2H1] isopropyl glycinate in 88% yield over the 2 
steps. Again, the NMR and mass spectra implied no loss of deuterium content up to 
this point. Unfortunately, attempts to deblock the isopropyl glycinate, using H2(g) 
reduction, resulted in loss of deuterium content. This loss of deuterium content was 
significant enough to block our efforts toward the preparation of [2-2Hj] isopropyl 
glycinate, which, in turn, made it impossible to answer the question of whether the 
deprotonation of the camphor glycinate by LDA is stereospecific.
All attempts to stereospecifically deuterate, (by way of deprotonation-deuteration), 
the camphor imine of isopropyl glycinate using LDA and sterically bulky deuterating 
agents were unsuccessful. Incomplete deuterium incorporation was evident in all cases.
Future work might include other attempts of preparing chiral mono-deuterated 
camphor imines of glycinates. Secondly, Seebach's findings with regards to deuterating 
enolates with high deuterium incorporation may be adapted to the predescribed work in 
this thesis.
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CHAPTER III 
EXPERIMENTAL AND REFERENCES
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EXPERIMENTAL
General
Infrared spectra of liquids were run as a neat samples between potassium bromide 
plates; solids were run as potassium bromide pellet on a Nicolet 5DX Spectrometer. The 
data are presented in cm '1. NMR spectra were run on a Bruker AC 300 Spectrometer at 
300 MHz for IH, and 75 MHz for 13C in CDC13 solution at 259C, unless otherwise noted. 
Where DEPT-135 editing of the carbon spectra was done, the multiplicities that would 
have been seen in the off-resonance spectra are indicated in () brackets. A 13C NMR 
resonance which contains an asterics (*) implies that the multiplicities are seen in the 
regular 75 MHz l3C NMR. Mass spectra were ran on a Van an MAT 5 CH instrument in 
the electron impact mode. Gas chromatographic analyses were performed on a Varian 
3700 instrument using either a 1.5 ft. x 0.125 inch column packed with 5% OV-101 on 
Chromosorb W or a 8 ft. x 0.25 inch packed with 20% SE-30 on Chromosorb W. Silica 
gel 60 was used in regular column chromatography separations. Melting points were 
taken on a Fisher-Johns apparatus, and were uncorrected. Microanalyses were performed 
by Galibraith Laboratories Inc., Knoxville Tenn., USA. High pressure hydrogenations 
were perfomed with a Parr high pressure vessel. The drying agent used was anhydrous 
magnesium sulfate and solvents were removed at reduced pressure. THF and Et20  were 
dried over sodium and benzophenone, toluene was dried over sodium, and HMPA was 
dried over calcium hydride.
50
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Synthesis of N-sulfinvl-n-butvlamine 26
N =: S =  O
This compound was prepared in 55% yield from n-butylamine according to the 
literature21; b.p. 30°C (20 mm); IR (neat): 3056,2961,1248,1122,579cm*1; *H NMR: 
3.95 (t, 2H, J=6.8 Hz), 1.62 (m, 2H), 1.38 (m, 2H), 0.92 (t, 3H, J=7.3 Hz); 13C NMR: 
48.0(t), 32.0(t), 20.1(1), 13.5(q).
General alkvlation of N-sulfinvlamine (Procedure 1)
In a flame dried 50 mL 3-necked round bottom flask purged with N2 was added
2.053 g (8.4 mmol) of triphenylmethane in 8.0 mL of THF and 1.46 mL (8.4 mmol) of 
HMPA. The mixture was cooled to 0°C and 3.36 mL (8.4 mmol) of n-butyllithium (2.5M 
in hexanes) was added and the mixture was stirred for 15 minutes, (blood red colour). 
This triphenylmethide solution was cooled to -78°C and 1.0 g (8.4 mmol) of 
N-sulfinyl-n-butylamine in 3.0 mL of THF was added slowly. A yellow solution 
resulted. After 20 minutes 8.4 mmol of alkyl halide in 2.0 mL of THF was added and the 
solution was stirred for 15 minutes at -78SC before allowing the mixture to warm to room 
temperature. After stirring for 3.0 hours at room temperature the reaction was quenched 
with 1.0 mL of saturated NH4C1 solution. Separation, drying and concentration in vacuo 
of the organic phase yielded a colourless oil after column chromatography with 5:1 
petroleum ether: EtOAc.
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General alkvlation of N-sulfinvlamine (Procedure 2)
In a flame dried 50 mL 3-necked round bottom flask purged with N2 was added
2.053 g (8.4 mmol) of triphenylmethane in 8.0 mL of THF and 1.46 mL (8.4 mmol) of 
HMPA. The mixture was cooled to 0°C and 3.36 mL (8.4 mmol) of n-butyllithium (2.5M 
in hexanes) was added and the mixture was stirred for 15 minutes, (blood red colour). 
This triphenylmethide solution was cooled to -78°C and 1.0 g (8.4 mmol) of 
N-sulfinyl-n-butylamine in 3.0 mL of THF was added slowly. A yellow solution 
resulted. After 20 minutes 8.4 mmol of alkyl halide in 2.0 mL of THF was added and 
stirred for 5.0 minutes at -788C before quenching with 1 mL of saturated NH4CI solution 
at that temperature. Separation, drying and concentration in vacuo of the organic phase 
yielded a colourless oil after column chromatography with 5:1 petroleum ether:EtOAc.
General alkvlation of N-sulfinvlamine (Procedure 3)
In a flame dried 50 mL 3-necked round bottom flask purged with N2 was added
6.72 mL (10 mmol) of LDA (1.5M in THF) and 1.46 mL (8.4 mmol) of HMPA in 3.0 
mL of THF. This LDA solution was stirred for 15 minutes at -78°C at which time 1.0 g 
(8.4 mmol) of N-sulfinyl-n- butylamine in 3.0 mL of THF was added slowly. A yellow 
solution resulted. After 20 minutes 8.4 mmol of alkyl halide in 2.0 mL of THF was 
added and the mixture was stirred for 15 minutes at -78SC before allowing it to warm to 
room temperature. After 3.0 hours at room temperature the reaction was quenched with
1.0 mL of saturated NH4C1 solution. Separation, drying and concentration in vacuo of 
the organic phase yielded a colourless oil after column chromatography with 5:1 
petroleum ethenEtOAc.
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General alkvlation of N-sulfinvlamine (Procedure 4)
In a flame dried 50 mL 3-necked round bottom flask purged with N2 was added
6.72 mL (10 mmol) of LDA (1.5M in THF) and 1.46 mL (8.4 mmol) of HMPA in 3.0 
mL of THF. This LDA solution was stirred for 15 minutes at -78°C at which time 1.0 g 
(8.4 mmol) of N-sulfinyl-n- butylamine in 3.0 mL of THF was added slowly. A yellow 
solution resulted. After 20 minutes 8.4 mmol of alkyl halide in 2.0 mL of THF was 
added and stirred for 5.0 minutes at -78"C before quenching with 1 mL of saturated 
NH4C1 solution at that temperature. Separation, drying and concentration in vacuo of the 
organic phase yielded a colourless oil after column chromatography with 5:1 petroleum 
ether:EtOAc.
Attempted "Aldol type" reactions
General N-sulfinylamine alkylation procedures 1 and 3 were used, except that an 
aldehyde was added at -78°C to the yellow solution instead of an alkyl halide. The 
aldehydes used were benzaldehyde and 4-nitrobenzaldehyde. No identifiable products 
could be isolated using column chromatography.
In an attempt to trap any alkoxide intermediate the above "Aldol type" reactions 
were repeated, but after benzaldehyde or 4-nitrobenzaldehyde was added and stirred for 
15 minutes at -78°C, the mixture was quenched in separate experiments with the 
following reagents: acetyl chloride, trimethylsilyl chloride, and t-butyl dimethylsilyl 
chloride. Again, no identifiable products could be isolated using column 
chromatography.
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Synthesis of 31
In a flame dried 50 mL 3-necked round bottom flask purged with N2 was added
6.72 mL (10 mmol) of LDA (1.5M in THF) and 1.46 mL (8.4 mmol) of HMPA in 3.0 
mL of THF. This LDA solution was stirred for 15 minutes at -78°C at which time 1.0 g 
(8.4 mmol) o f N-sulfmyl-n- butylamine in 3.0 mL of THF was added slowly. A yellow 
solution resulted. After 20 minutes 0.73 mL (8.4 mmol) of allyl bromide in 2.0 mL of 
THF was added and the mixture was stirred for 15 minutes at -78’C before allowing it to 
warm to room temperature. After stirring for 3.0 hours at room temperature the reaction 
was quenched with 20 mL of 5% NaOH and 0.98 mL (8.4 mmol) of benzoyl chloride. 
The resulting mixture was stirred for 45 minutes and then allowed to stand for 12 hours. 
The organic layer was separated and the aqueous layer was extracted with Et20  (2 x 10 
mL). The organic layers were combined, dried, and concentrated in vacuo yielding 0.85 
g (66%) of a white solid after column chromatography with 2.5:1 petroleum 
ether:EtOAc. Mp: 73-75’C; XH NMR: 7.70 (d, 2H, J= 7.5 Hz), 7.42 (m, 3H), 5.90 (m, 
2H), 5.10 (m, 2H), 4.21 (m, 1H), 2.32 (m, 2H), 1.45 (m, 4H), 0.90 (t, 3H, J= 7.5 Hz); 13C 
NMR: 167.0(s), 135.1(s), 134.6(d), 131.4(d), 128.6(d), 126.9(d), 117.9(t), 48.7(d), 
39.2(t), 36.7(t), 19.3(t), 13.9(q).
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General N-sulfinylamine alkylation procedures 1 and 3 were used to prepare 33 in 
70% and 75% yields respectively. The alkylating agent used in each case was benzyl 
bromide. IR (neat): 3040,2982,1632,1577,1454,1088,1063,897,697cm4 ; NMR: 
7.81 (s, 1H), 7.31 (m, 5H), 6.06 (t, 1H, J= 7.5 Hz), 4.12 (l/2ABq, 1H, 12.8 Hz), 3.89
(l/2ABq, 1H, J= 12.8 Hz), 2.39 (q, 2H, J= 7.6 Hz), 2.24 (q, 2H, J= 7.3 Hz), 1.45 (sextet, 
2H, J= 7.4 Hz), 1.03 (t, 3H, J= 7.5 Hz), 0.93 (t, 3H, J= 7.4 Hz); l3C NMR: 165.7(d), 
148.6(d), 140.7(s), 130.9(d), 128.5(s), 128.2(d), 128.0(d), 61.3(t), 30.5(t), 22. l(t), 18.9(t), 
13.7(t), 13.4(q); MS(EI): m/z= 263.
Anal Cacld. for Cl5H21NSO: C, 68.44; H, 7.98; N, 5.32. Found: C, 66.02; H, 7.95; 
N, 4.80.
Compound 33a
General N-sulfinylamine alkylation procedures 1 and 3 were used to prepare 33a in 
73% and 76% yields respectively. The alkylating agent used in each case was 
4-fluoro-benzyl bromide. IR (neat): 3040,2982,1632,1577,1454,1088,1063,897, 
697cm4 ; NMR: 7.81 (s, 1H), 7.17 (m, 4H), 6.06 (t, 1H, J= 7.5 Hz), 4.12 (l/2ABq.
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1H, J= 12.8 Hz), 3.89 (l/2ABq, 1H, J= 12.8 Hz), 2.39 (q, 2H, J= 7.6 Hz), 2.24 (q, 2H, J=
7.3 Hz), 1.45 (sextet, 2H, J -  7.4 Hz), 1.03 (t, 3H, J= 7.5 Hz), 0.93 (t, 3H, J= 7.4 Hz); 13C 
NMR: 165.7(d), 148.6(d), 140.7(s), 131.9(s), 128.5(s), 128.2(d), 128.0(d), 61.3(t), 
30.5(t),22.1(t), 18.9(t), 13.7(q), 13.4(q).
When general N-sulfinylamine alkylation procedures 1 and 3 were employed with 





A  . S .  >
General N-sulfinylamine alkylation procedures 2 and 4 were used to prepare 32 in 
20% and 21% yields respectively. The alkylating agent used in each C3se was benzyl 
bromide. IR (neat): 3031,2962,1622,1456,1087, 1023,787,699cm*1; lH NMR: 7.76 (t, 
1H, J= 4.7 Hz), 7.32 (m, 5H,), 4.08 (l/2ABq, 1H, J= 13.0 Hz). 3.82 (l/2ABq, 1H, J=
13.0 Hz), 2.36 (m, 2H, J= 4.7 Hz), 1.54 (hept., 2H, J= 7.4 Hz), 0.92 (t, 3H, J= 7.4 Hz); 
i3C NMR: 169.2(d), 130.9(d), 128.1(d), 127.9(s), 127.2(d), 60.4(t), 37.7(t), 18.6(t), 
13.6(q).
Anal. Calcd. for Cu H15NSO: C, 63.16; H, 7.18; N, 6.69. Found: C, 60.97; H. 7.15; 
N, 6.45.
When general N-sulfinylamine alkylation procedures 2 and 4 were employed with 
iodomethane as the alkylating agent, no identifiable products could be isolated from 
column chromatography.
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N-sulfinvl-n-pentvlamine 34
This compound was prepared in 53% from pentylamine according to the method 
outlined in the literature21; b.p 32-35sC (20 mmHg); IR (neat): 3049,2962,1247,1121, 
578cm*1; lH NMR: 3.98 (t, 2H, J= 6.9 Hz), 1.67 (m, 2H), 1.36 (m, 4H), 0.92 (t, 3H, J= 





General N-sulfinylamine alkylation procedures 1 and 3 were used to prepare 35 in 
71% and 72% yields respectively. The N-sulfinylamine used was 
N-sulfinyl-n-pentylamine, and the alkylating agent used was benzyl bromide. IR (neat): 
3031, 2959,1629,1457,1129,1088,699; lK  NMR: 7.74 (s, 1H), 7.19 (m, 5H), 6.02 (t, 
1H, J= 7.5 Hz), 4.12 (l/2ABq, 1H, J= 12.8 Hz), 3.89 (l/2ABq, 1H, J= 12.8 Hz), 2.28 (t, 
2H, J= 7.9 Hz), 2.17 (q, 2H, 7.3 Hz), 1.30 (m, 6H), 0.83 (m, 6H); l3C NMR: 165.9(d),
149.5(d), 138.8(3), 130.8(q), 128.6(s), 128.2(d), 128.0(d), 61.4(t), 30.9(t), 28.5(t), 27.6(t), 
22.3(t),21.8(t), 14.1(q), 13.8(q).
Anal. Calcd. for C17H25NSO: C, 70.10; H, 8.59; N, 4.81. Found: C, 68.96; H, 7.98; 
N,4.48.
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I
N-pentvl-S-benzvlsulfinvlimine 36
General N-sulfinylamine alkylation procedures 2 and 4 were used to prepare 36 in 
19% and 21% yields respectively. The N-sulfinylamine used was 
N-sulfinyl-n-pentylamine, and the alkylating agent used was benzyl bromide. IR (neat): 
3030,2962,1622,1454,1087,1023,786,698cm’1; NMR: 7.76 (t, 1H, J= 4.8 Hz),
7.32 (m, 5H), 4.07 <l/2ABq, 1H, J= 12.9 Hz), 3.82 (l/2ABq, 1H, J= 12.9 Hz), 2.38 (q, 
2H, J= 4.8 Hz), 1.50 (quintet, 2H, J= 7.6 Hz), 1.32 (sextet, 2H, J= 7.5 Hz), 0.90 (t, 3H, J=
7.3 Hz); 13C NMR: 169.4(d), 130.9(d), 128.6(s), 128.2(d), 128.1(d), 60.5(t), 35.6(t), 
27.3(t),22.1(t), 13.7(q).
Anal. Calcd. for C12H17NSO: C, 64.57; H, 7.62; N.6.28. Found: C, 63.14; H, 7.70; 
N, 5.84.
Attempts to use potassium t-butoxide as the base instead of triphenylmethide or 
LDA at 0eC and -78°C with procedures 1 ,2 ,3 , and 4 were unsuccessful. No identifiable 
products could be isolated from column chromatography.
Svnthesis of N-butvl-S-benzvlsulfinamide 41
In a flamed dried 50 mL 3-necked round bottom flask purged with N2 was added
1.0 g (8.4 mmol) of N-sulfinyl-n-butylamine in 3.0 mL of dry Et20  at -78aC to the
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Grignard reagent prepared from 0.97 mL (8.4 mmol) of benzyl chloride and 0.204 g (8.4 
mmol) of magnesium turnings in 20 mL of dry Et20 . The mixture was stirred at -78°C 
for 20 minutes before warming to room temperature. After stirring for 3.0 hours at room 
temperature the reaction was quenched with 2 mL of saturated NH4C1 solution. The 
organic layer was separated and the aqueous layer was extracted with Et20  (2 x 10 mL). 
The combined organic layers were dried, concentrated in vacuo, and column 
chromatography 1:1 petroleum ether:EtOAc yielded (90%) of a colourless oil. IR (neat): 
3195,3031, 2957,1495,1458,1051,699cm'1; lK  NMR: 7.34 (m, 5H), 4.01 (l/2ABq, 
1H, J= 12.9 Hz), 3.90 (l/2ABq, 1H, J= 12.9 Hz), 3.78 (t, 1H, J= 6.0 Hz), 3.08 (q, 2H, J= 
6.9 Hz), 1.47 (m, 2H, J= 6.8 Hz), 1.27 (m, 2H, J= 7.2 Hz), 0.87 (t, 3H, J= 7.3 Hz); 13C 
NMR: 130.4(d), 129.4(s), 128.6(d), 128.0(d), 60.8(t),43.0(t), 32.7(t), I9.8(t), I3.6(q).
Anal. Calcd. for Cn H 17NSO: C, 62.56; H, 8.06; N, 6.64; S, 15.17. Found: C, 




In a flame dried 50 mL 3-necked round bottom flask purged with N2 was added 
500 mg (2.4 mmol) of 42 in 3.0 mL of THF which had been cooled to 0°C. To this, 4.74 
mL (2.4 mmol) of [(CHj^Si^N 'K* (0.5M solution in THF) was added and stirred at that 
temperature for 20 minutes, resulting in a yellow solution. To the mixture was added 
0.15 mL (2.4 mmol) of iodomethane and stirred for 20 minutes at 0°C before wanning to 
room temperature. After stirring for 3.0 hours at room temperature the reaction was
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quenched with 2 mL of saturated NH4C1 solution. The organic layer was separated and 
the aqueous layer was extracted with Et20  (2 x 10 mL). The organic layers were 
combined, dried, concentrated in vacuo, and column chromatography 1:1 petroleum 
ether:EtOAc yielded (81%) of a colourless oil. IR (neat): 3032,2960,1495,1458,1051, 
697cm’1; XH NMR: 7.33 (m, 5H), 3.97 (s, 2H), 2.97 (t, 2H, J* 7.1 Hz), 2.71 (s, 3H), 1.37 
(m, 2H), 1.10 (sextet, 2H, J= 7.3 Hz), 0.79 (t, 3H, J= 7.4 Hz); 13C NMR: 130.4(d), 
129.8(s), 128.6(d), 127.7(d), 59.8(t), 53.0(t), 30.6(q), 30.1(t), 19.4(t), 13.6(q).
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General procedure 5 
In a flame dried 10 mL round bottom flask purged with N2 was placed 0.76 mmol 
of 32 or 33 or 35 or 36 in 5.0 mL of dry toluene, and 0.91 mmol of
2.3-dimethylbutadiene. The mixture was refluxed for 24 hours, and the solvent removed 
in vacuo, yielding a colourless oil (93-95%) after column chromatography with 5:1 
petroleum ethenEtOAc. IR (neat): 3033,2962,1448, 1098,1075,1025,787cm'1; :H 
NMR: 7.31 (m, 5H), 4.10 (dd, 1H, J= 4.3 Hz), 3.43 (d, 1H, J= 16.7 Hz), 2.92 (d, IH, J=
16.8 Hz), 2.44 (m, 2H), 1.71 (s, 3H), 1.70 (s, 3H); 13C NMR: 142.4(s), 128.5(d), 
127.4(s), 127.3(d), 127.1(d), 123.3(s), 43.5(d), 40.1(t), 33.0(t), 20.2(q), 19.4(q).
Anal. Calcd. for C13H16SO: C, 70.91; H, 7.27; S, 14.55. Found: C, 74.67; H, 7.52; 
S ,14.93.
When the sulfinamides 41 and 42 were refluxed in toluene in the presence of
2.3-dimethylbutadiene, no cycloaddition reactions occurred with or without the addition 
of BF3.Et20  as a catalyst.
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CAMPHOR IMINE EXPERIMENTAL
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Preparation of the chiral svnthon 62
CBZ-N
The chiral synthon 62 was prepared according to the procedure outlined in the 
literature36; IR (KBr): 3035,1760,1725,1455,1390,1280,1265,1160,1110cm-1; LH 
NMR (393K, C12CDCDC12): 7.40-6.93 (m, 14H), 6.62 (d, 1H, J= 3.5 Hz), 6.58 (s, 1H), 
6.55 (s, 1H), 5.19 (d, 1H, J= 3.5 Hz), 5.18 (l/2ABq, 1H, J= 12.2 Hz), 5.04 (itfABq, 1H, 
J* 12.2 Hz).
Preparation of Isopropyl Glvcinate
O
Isopropyl glycinate was prepared in (45%) yield from glycine according to the 
general procedures 6 ,7 ,8 , and 9, which are described subsequently for the 
mono-deuterated analog. JH NMR: 5.00 (septet, 1H, J-  6.3 Hz), 3.31 (s, 2H), 1.61 (s(b), 
2H), 1.19 (d, 6H, J= 6.3 Hz); 13C NMR: 173.7(s), 68.3(d), 44.2(t), 21.7(q).
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Asymmetric Synthesis of (SM2-2H,1 Glvcine 63
To a Parr high pressure vessel which had been washed with Na0H/D2O was added 
3.71 g (8.0 mmol) of 62 dissolved in 75 mL of dry THF and 15 mL of D20 . To this 
solution was added 424 mg (2.4 mmol) of PdCl2 and the vessel was charged with D2 at 
150 psi. The mixture was allowed to stir for 40 hours at 25°C, and the pressure was 
reduced to 1 atm. The mixture was filtered through a pad of Celite, concentrated in 
vacuo to an oily residue, and triturated with CH2C12, THF, and Et20 , giving rise to 685 
mg (54%) of the insoluble amino acid as its hydrohalide salt. Mp: 170-175°C (dec.).
Determination of optical purity for (S)-f2-2H(l Glvcine 65
NH
Acylation of the chiral deuterated glycine with (-)-camphanyl chloride furnished 
the amide 65, which was examined by *H NMR. The spectroscopic properties of the 
amide obtained were identical with those previously reported.36 The optical purity of the 
chiral glycine was determined to be 76% ee according to the procedure outlined in the 
literature.32
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Preparation of Isopropvl Glvcinate 
CBZ-blocked (S)-f2-2Htl Glvcine (Procedure 6)
O
A 25 mL 3-necked round bottom flask was charged with 14.1 mL (28.2 mmol) of 
2M NaOH and 2.25 g (14.1 mmol) of chiral glycine salt 62. The resulting solution was 
cooled to 0°C, and to this was added dropwise 4.94 mL (19.8 mmol) of 4M NaOH and 
2.42 mL (16.9 mmol) of benzyl chloroformate over a period of 1.0 hour with vigorous 
stirring. The mixture was stirred for an additional hour at 0CC, then washed with Et20  (2 
x 10 mL). The aqueous solution was acidified to pH=2 (ice-bath cooling) by dropwise 
addition of 6M HC1. The resulting mixture was saturated with sodium sulfate and 
extracted with EtOAc. The extracts were combined, dried, and concentrated in vacuo 
yielding 1.72 g (60%) of a white solid. Mp: 117-120eC; lH NMR: 7.30 (s, 5H), 6.18 
(d(b), 1H), 5.30 (m, 1H), 5.11 (s, 2H), 4.00 (d(b), 1H); 13C NMR: 174.0(s), 128.7(d), 
128.4(d), 128.2(d), 128.0(s), 67.4(t), 42.5(t*).
CBZ-blocked (S)-F2-2H11 Sodium Glvcinate (Procedure 7)
In a 25 mL Erlenmeyer flask was placed 1.56 g (7.4 mmol) of CBZ-blocked 
glycine in 10 mL of absolute EtOH. The mixture was titrated with 6.9 mL of 1M NaOH
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using phenolphthalene as the indicator. At the end point of titration the solvent was 
concentrated in vacuo. The residue was washed with CH2C12 yielding 1.71 g (100%) of a 
white solid. Mp: 175’C; lH NMR: 7.30 (s, 5H), 5.30 (m, 1H), 5.11 (s, 2H), 3.98 (d(b), 
1H); 13C NMR: 174.0(s), 128.5(d), 128.3(d), 128.1(d), 67.4(t), 42.5(t*).
CBZ-blocked (SH2-2H i1 Isopropvlglvcinate (Procedure 8)
In a 50 mL round bottom flask which had been purged with N2 was placed 1.71 g 
(7.4 mmol) of the Na salt dissolved in 25 mL of HMPA, and 3.1 mL (31.3 mmol) of 
2-iodopropane. The mixture was allowed to stir at room temperature for 3.0 hours, at 
which time it was poured into 70 mL of 5% HC1 and extracted with Et20  (2 x 40 mL). 
The extracts were combined, washed with H20 ,  aqueous sodium thiosulfate, and H20 . 
The Et20  layer was dried, concentrated in vacuo yielding 1.72 g (88%) of a colourless
oil. lH NMR: 7.41 (m, 5H), 5.35 (s(b), 1H), 5.11 (s, 2H), 5.08 (septet, 1H, J= 6.3 Hz), 
3.92 (s(b), 1H), 1.21 (d, 6H, J= 6.3 Hz); 13CNM R: 169.4(s), 156.2(s), 136.2(s), 128.5(d), 
128.2(d), 128.1(d), 69.2(d), 67.0(t), 42.7(t*), 21.7(q).
Isopropvl Glvcinate (Procedure 9)
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In a 25 mL round bottom flask was placed 1.70 g (6.7 mmol) of the blocked 
glycinate in 10 mL of MeOH. To this was added 120 mg of 10% Pd/C catalyst. The 
mixture was placed under H2 atmosphere, and stirred vigorously (3.0 hours) at 253C, 
until 150 mL of H2 gas was adsorbed. The mixture was filtered through a pad of Celite 
and the MeOH was distilled off, leaving 480 mg (51%) of a colourless oil. The low yield 
was due to polymerization of the glycinate during distillation of the MeOH. *H NMR:
5.00 (m, 1H, J= 6.3 Hz), 3.31 (s(b), 1.7H), 1.61 (s(b), 2H), 1.19 (d, 6H, J= 6.3 Hz); 13C 
NMR: 173.7(s), 68.3(t), 21.7(q).
CBZ-blocked f2-2H J  Glvcine
CBZ-HN
This compound was prepared in (67%) yield from 1.0 g of [2-2H2] glycine 
according to procedure 6. *H NMR: 7.35 (s, 5H), 6.63 (s(b), 1H), 5.09 (s, 2H); 13C NMR: 
174.0(s), 128.7(d), 128.4(d), 128.2(d), 128.0(s), 67.4(t), 42.5(t*).
CBZ-blocked f2-2H-,l Isopropvl Glvcinate
CBZ-HN
This compound was prepared in (95%) yield from CBZ-blocked [2-2H2] glycine 
according to procedures 7 and 8. *H NMR: 7.41 (m, 5H), 5.35 (s(b), 1H), 5.11 (s, 2H),
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5.08 (septet, 1H, 6.3 Hz), 1.21 (d, 6H, J= 6.3 Hz); 13C NMR: 169.4(s), 156.2(s),
136.2(s), 128.5(d), 128.2(d), 128.1(d), 69.2(d), 67.0(t), 42.7(t*), 21.7(q).
Attempted preparation of f2-2H-»l Isopropvl Glvcinate
When the CBZ-blocked [2-2H2] isopropyl glycinate was subjected to the 
hydrogenation conditions as procedure 9, the XH NMR of the product implied the loss of 
deuterium content. lH NMR: 5.00 (m, 1H, Js= 6.3 Hz), 3.31 (s, 2H), 1.90 (s(b), 2H), 1.19 
(d, 6H, J= 6.3 Hz); 13C NMR: 173.7(s), 68.3(d), 44.2(t), 21.7(q).
Preparation of Cam phorthione
Camphorthione was prepared with Lawesson’s reagent following the procedure 
outlined by Lawesson.41 (lR)-Camphor (15.2 g (100 mmol)) was stirred with 24.2 g (60 
mmol) of Lawesson’s reagent in 150 mL of dry toluene at reflux for 20 hours. The 
solution was concentrated in vacuo, and column chromatography 4:1 petroleum 
ether:Et20  yielded (92%) of (lR)-camphorthione. Mp: 136BC; IR (neat): 2957,1445, 
1384,1273,1127, 1087,940,744cm-1; lK NMR: 2.77 (m, 1H), 2.39 (d, 1H), 2.15 (t, 
1H), 1.90 (m, 1H), 1.73 (m, 1H), 1.31 (m, 2H), 1.08 (s, 3H), 1.02 (s, 3H), 0.78 (s, 3H); 
13C NMR: 230.8,69.3,55.5,48.9,45.1,33.9,27.2,19.8,19.6 13.1.
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Preparation of the Cam phor Imine of Isopropvlglveinate
General procedure 10
In a flamed dried 50 mL 3-necked round bottom flask purged with N2 was added
4.32 g (25.6 mmol) of camphorthione in 25 mL of dry toluene and 3.0 g (25.6 mmol) of 
isopropyl glycinate in 5 mL of dry toluene. The reaction, monitored by gas 
chromatography showing the formation of product and loss of starting material, was 
refluxed for 19 hours. The mixture was concentrated in vacuo, and column 
chromatography 4:1 petroleum ether:Et20  yielded (82%) of a colourless oil. IR (neat): 
2961,1741,1685,1367,1147cm'1; 2H NMR: 5.05 (septet, 1H, J= 6.3 Hz), 4.06 (ABq, 
2H), 2.35 (m, 1H), 1.86 (m, 3H), 1.70 (m, 1H), 1.44 (m, 1H), 1.24 (d, 6H, J= 6.3 Hz).
1.17 (m, 1H) 1.02 (s, 3H), 0.94 (s, 3H), 0.81 (s, 3H); l3C NMR: 187.4(s), 169.8(s), 
68.1(d), 54.1(t), 47.2(s), 43.8(d), 43.7(d), 35.6(t), 31.9(t), 27.3(t), 21.8(q), 19.5(q), 
18.9(q), 11.2(q); MS(EI): m/z= 251.
General Deuteration of C am phor Imine (Procedure 11)
In a flame dried 25 mL 3-necked round bottom flask purged with N2 was added
0.96 mL (1.4 mmol) of LDA (1.5M in cyclohexanes) and 0.25 mL of HMPA in 5.0 mL 
o f THF. This LDA solution was stirred for 15 minutes at -78°C at which time 300 mg 
(1.2 mmol) of the camphor imine of isopropyl glycinate in 2.0 mL of THF was added 
slowly. A light yellow solution resulted. After 20 minutes 1.5 equivalents (1.8 mmol) of
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a deuterating agent was added and stirred for 30 minutes at -78aC before allowing the 
mixture to warm to room temperature. (N.B.: If the deuterating agent was a solution, it 
was added directly, if it was a solid it was added through a side-arm attachment). 
Separation, drying and concentration in vacuo, of the organic phase yielded a colourless 
oil after column chromatography with 4 :1 petroleum ether:Et20 . Deuterating agents used 
are listed in table 5 along with % deuterium incorporated.
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